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INTRODUCTION
Concomitant changes in physical activity and dietary intake that result in a caloric deficit will reduce adipose tissue and improve glucose tolerance in insulin resistant individuals (Hays et al. 2008) . While exercise and dietary modification may be beneficial in the prevention or the mitigation of metabolic disease (Amati et al. 2011; He et al. 2004) , the majority of individuals use caloric restriction alone in their attempt to lose weight (Weiss et al. 2006) . This is unfortunate as exercise-induced enhancements in mitochondrial biogenesis and improvements in oxidative enzymes were demonstrated in pre-clinical models (Holloszy 1976) , and these adaptations have now been linked to favorable improvements in lipid turnover within skeletal muscle in obese individuals (Listenberger et al. 2007 ).
Metabolic disease may be linked to mitochondrial dysfunction, and this relationship has been posited to represent a key element responsible for muscle atrophy and insulin resistance in obese individuals (Di Gregario et al. 2005; Lin 2002; Schenk and Horowitz 2007) . Ceramide and diacylglycerol (DAG) may accumulate under these circumstances due to increased fatty acid delivery and/or inadequate fatty acid oxidation, activate protein kinase C, and this sequalae been posited as a potential mechanism in the pathogenesis of insulin resistance (Hegarty et al. 2003; Itani et al. 2002 (Louche et al. 2013) . Despite these interesting data that may or may not include any significant weight loss, the influence of caloric restriction on muscle lipotoxicity in obese individuals at risk for the development of metabolic disease has received even less attention (Solomon et al. 2008) .
The mediators at play within the etiology of muscle lipotoxicity are complex. Peroxisome proliferator-activated receptor coactivator (PGC-1α) has been shown to promote increased mitochondrial biogenesis (Hood 2001) . In fact, exercise training (acute and chronic) will increase PGC-1α mRNA in skeletal muscle (Larsen et al. 2012; Pilegaard et al. 2003; Tunstall et al. 2002) . Conversely, short-term bed rest results in a significant decrease in PGC-1α mRNA (Ringholm et al. 2011) . Carnitine palmitoyl transferase-1 (CPT-1) mRNA has been shown to increase substantially with exercise training along with significant improvements in total lipid oxidation (Holloszy 2008) . With exercise training, PGC-1α-mediated improvements in mitochondrial biogenesis may work cohesively with increases in CPT-1 that is responsible for the transport of long chain acylcarnitine derived from long chain fatty acids into the mitochondria (Lass et al. 2011) . Other important proteins include perilipin 2 (PLIN2) (Listenberger et al. 2007) , which respond to exercise training and help shift FFA metabolism D r a f t 6 between storage and utilization (Ducharme et al. 2008) . While the surface of lipid droplets may contain PLIN2 that limits the interaction with adipose tissue triglyceride lipase (ATGL) (Louche et al. 2013) , preferential utilization of PLIN2-associated lipid droplets has been demonstrated during exercise in humans (Shaw et al. 2012) . Instead of acute alterations in caloric balance through dietary or exercise training that have already been shown to increase mitochondrial function (Lass et al. 2011; Pilegaard et al. 2003; Tunstall et al. 2002) , we hypothesized that stabilized weight loss would promote sustained improvements in muscle lipid genes. Moreover, we also hypothesized that stabilized weight loss following exercise training would initiate even greater increments in PGC-1α, CPT-1, PLIN2 and ATGL when compared to stabilized weight loss from diet alone. In turn, sustained improvements in mRNA would reduce lipotoxicity in skeletal muscle that could ultimately be relevant to overall improvements in metabolic health (Petersen et al. 2007 ).
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Materials and Methods
Research Volunteers
We recruited twenty men and women aged 50-80 yr who were overweight with a BMI 
Experimental Protocol
The experimental protocol and the data related to body composition and insulin sensitivity has been published previously (Coker et al. 2009) . Briefly, eligible participants were randomly assigned into one of three groups: 1) exercise training with weight loss (EWL); 2) caloric restriction with weight loss (CWL) and controls. While no attempt was made to affect dietary intake or physical activity in the control group, we utilized a combination of metabolic feeding (CWL and EWL) and supervised exercise training (EWL) in the intervention groups.
Except for controls, a weight maintenance diet was followed for 4 weeks by all subjects before pre intervention testing. Body weights were recorded on a weekly basis, and adjustments to the weight maintenance diet were made to ensure caloric balance by the end of the 4 week period. In CWL, the reduction in caloric intake began immediately after the completion of the weight maintenance phase and the pretesting session. After the weight maintenance phase and pre intervention testing, subjects randomized to EWL began their exercise training regimen at 50% of peak oxygen consumption (VO 2peak ) on a bicycle ergometer. All individuals completed an assessment of VO 2peak in order to supervise exercise training at a specific workload that could be used to determine caloric expenditure. In order to facilitate optimal compliance, we gradually increased kcal expenditure with exercise training (ie., first week at 1000 kcal/week and elevated by 500 kcal/week until total energy expenditure reached 2500 kcal/week). In CWL, we matched D r a f t the progressive increase in energy expenditure in EWL with a progressive caloric deficit.
Therefore, the weekly and 12-week theoretical caloric deficit of the subjects in the CWL and EWL groups were identical. Following the 12-week weight loss period, participants in the CWL and EWL groups underwent a 2-wk of gradual refeeding phase followed by a 4-wk weight stabilization phase. These refeeding and weight stabilization phases allowed participants to reestablish a stable, yet significantly reduced body weight. This was necessary since an acute hypocaloric state has been shown to contribute to improved glycemic control (Hays et al. 2008 ).
Thus, subjects in the EWL group actually exercised for 18 weeks (ie., 12 weeks under caloric deficit, 2 weeks of gradual adjustment to caloric balance and 4 weeks at caloric balance). Postintervention testing sessions for EWL subjects were completed approximately 72 h after the last exercise session under conditions of stabilized weight loss (Coker et al. 2009 ).
In the control group, caloric and macronutrient intake was standardized through consumption of a mixed diet (35% fat, 20% protein, 45% carbohydrate) 4 d before pre-and post testing sessions. Controls were advised to maintain their normal diet during the rest of the study and non-exercising subjects were instructed to maintain their habitual physical activity. All other An activity factor (AF) of 1.6 during diet stabilization was used to estimate the total daily energy requirement according to the following equation: = [66 + (13.7 x weight in kg) + (5 x height in cm) -(608 x age in yr)] x AF (Coker et al. 2009 ). All subjects were trained under direct supervision at the Donald W. Reynolds Institute on Aging using a cycle ergometer. There were no adverse events during the study.
Muscle biopsy samples were collected in the fasting condition at week 6 (preintervention) and week 24 (post-intervention) under local anesthetic (1% Xylocaine HCl) using a 6 mm needle as described by Evans et al. (Evans et al. 1986 ).
Analysis
We isolated the total RNA from muscle biopsies using an Ultraspec RNA Isolation System kit (Biotex, Houston, TX). The quantity and quality of the isolated RNA were determined by Agilent 2100 Bioanalyzer (Palo Alto, CA). Real-time RT-PCR and the primer sequences of 18S
were performed as described previously (Borengasser et al. 2011) . We generated standard curves by the utilization of pooled RNA from the samples assayed. In this way, the data generated represent arbitrary units that can be used to accurately compare each set of samples to each other. All data were expressed in relation to 18S RNA, and all samples were analyzed Data related to glucose metabolism and respiratory quotients from the VO 2 peak during the graded exercise test were extracted from (Coker et al. 2009 ) have been provided to match the D r a f t
Results
Human Participants. Muscle tissue was available from 18 of the 20 total participants who were originally enrolled for the study (13 females and 5 males, mean age 57±1 yr, and mean BMI 31±1 kg/m 2 ) (Table 1) . Two volunteers were unable to maintain adequate compliance (ie., 80%
compliance to feeding and/or training sessions) to the protocol. Participants were followed closely and compliance with the protocol was excellent. As previously published, volunteers randomized to CWL and EWL lost an equivalent amount of body weight and remained weight stable for 4 weeks prior to post-intervention. This strategy eliminated the influence of acute caloric restriction on metabolism and allowed us to delineate the influence of weight loss achieved through caloric restriction versus exercise training (Coker et al. 2009 ).
Molecular Regulation. PGC-1∝, CPT-1, PLIN2, CGI-58 and ATGL mRNA. There were no differences (P>0.05) in PGC-1∝, CPT-1, and PLIN2 (Figure 1) . Also, there were no differences in CGI-58 and ATGL between groups or in response to the CWL or EWL interventions ( Figure   2 ). There was a trend toward significance (ie., P=0.053) when a paired t-test was used to evaluate changes in ATGL from baseline in EWL.
IMCL and Lipid droplet size. There were no significant differences (P>0.05) in the % IMCL in Type 1 or Type 2 muscle fibers between the control, CWL, or EWL groups from pre-to postintervention ( Figure 3 ). There was a significant difference (ie., P=0.03) in the baseline values for D r a f t 13 the % IMCL in Type 1 muscle fibers between control and EWL ( Figure 1 ). In terms of the absolute amount and change in the lipid droplet size from pre-to post-intervention, there were no significant differences (Figure 4) .
Discussion
Numerous studies have demonstrated the powerful influence of exercise training and/or caloric deficit on the regulation of the indices of mitochondrial metabolism (Russell et al. 2014) .
We have also shown significant improvements in VO 2max that were linked to enhancements in hepatic and peripheral insulin sensitivity (Coker et al. 2009 ). Nonetheless, it has been difficult to ascertain whether these changes in mitochondrial metabolism persist following the intervention under conditions of chronic caloric balance. In the present study, we hypothesized that PGC-1∝, CPT-1, PLIN2, CGI-58 and ATGL mRNA would be greater with exercise training compared to caloric restriction following identical weight loss interventions under weight stable conditions.
While our results would be much more definitive with the addition of data relative to changes in actual protein content, we found no changes in PGC-1∝, CPT-1, PLIN2, CGI-58 mRNA and no differences in IMCL or lipid droplet size between controls, CWL or EWL.
Previous studies have identified increases in mitochondrial genes, including PGC1α, in muscle following exercise, however most previous studies have examined acute exercise. In this study, we did not observe changes in most lipid genes, however we studied the effects of D r a f t 14 sustained exercise or weight loss. While significant improvements in mitochondrial content have been well characterized (Perry et al. 2010 ) and largely associated with the additive influence of acute bouts of aerobic exercise on mitochondrial biogenesis (Amati et al. 2011) , it is likely that these effects are transient (Perry et al. 2010; Pilegaard et al. 2003) and therefore not detectable after individuals return to conditions of chronic caloric balance.
The powerful, yet transient exercise-induced increases in PGC-1∝ transcription and mRNA in human skeletal muscle has been previously identified (Pilegaard et al. 2003) . It has also long been recognized that increased and sustained levels of physical activity have a profound influence on the overall regulation of mitochondrial metabolism in skeletal muscle (Holloszy 2008) , but the temporary nature of these responses and how they relate to physiological functions under conditions of caloric balance may not be fully appreciated. Given that exercise-induced increments in CPT-1 activity were demonstrated over ten years ago (Bezaire et al. 2004 ), we anticipated elevations in CPT-1 mRNA to persist following our chronic exercise intervention. Unfortunately, the lack of data relative to actual protein content significantly limits our conclusions based on mRNA data. It could be that the exercise-induced influence on CPT-1 was post-translational or that middle-aged individuals respond in accordance with their level of deconditioning (Schild et al. 2015) .
We found that PLIN2 mRNA did not increase with EWL or CWL. This was different than previous studies that suggested a favorable response in PLIN2 expression with exercise training (Shepherd et al. 2012; Solomon et al. 2008) . However, there are some important differences between the exercise interventions per se. For example, we utilized an exercise intensity of 50% VO 2peak in our studies (Coker et al. 2009 ) whereas other studies have utilized more vigorous exercise (Shepherd et al. 2013 ). Although we did not find significant changes in mRNA levels following stabilized weight loss in CWL and EWL, post-transcriptional changes could have promoted alterations in protein levels or enzyme activity during conditions in which caloric balance was negative (Hood et al. 2001) .
Recognizing that the impact of CWL and EWL on insulin sensitivity was equally beneficial with respect to improvements in insulin sensitivity (Coker et al. 2009) , and that previous studies have demonstrated concomitant enhancements in hormone sensitive lipase (HSL) and ATGL expression (Louche et al. 2013) , it is interesting that ATGL mRNA was only slightly elevated by EWL. The sequestration of lipid in droplets provides a source of stored energy that is largely regulated based on metabolic need. Therefore, the weight stabilization period following CWL may have influenced the response such that the message for responsible for the regulation of intracellular triglyceride metabolism may be reset.
There were no significant changes in IMCL or lipid droplet size in either group and no differences between the two groups. Other studies utilizing exercise and dietary interventions that elicited significant weight loss, and improvements in VO 2 max , lipids and metabolic flexibility have also reported no change in IMCL (Solomon et al. 2008) . When combined with exercise, short term alterations in dietary intake that utilize foods with a low glycemic index promoted an increase in IMCL (Haus et al. 2011) . Remarkably, these studies also described a decrease in extramyocellular lipid (EMCL) and contributed to an increase in the IMCL/EMCL ratio. This may suggest lipid redistribution due to intervention that could be more predictive of beneficial changes in lipid metabolism and insulin sensitivity. Unfortunately, we did not measure EMCL in the present study. Also, we utilized Oil Red O staining instead of magnetic resonance spectroscopy and the differences in methodology should be recognized.
In previous studies, perilipin 2 (PLIN2) overexpression promoted an increase in IMCL and insulin sensitivity (Shepherd et al. 2012) , and these results were potentially similar to results from studies utilizing acute exercise that promote triglyceride synthesis in skeletal muscle with simultaneous reductions in diacylglycerol and ceramide (Schenk and Horowitz 2007) . It is interesting that despite significant improvements in hepatic and peripheral insulin sensitivity, the amount of IMCL and LDS was not affected. This is consistent with previous findings that D r a f t indicate minimal alterations in lipid metabolism within skeletal muscle despite rapid systemic insulin resistance induced by overeating (Cornford et al. 2013) .
We recruited a cohort of participants with a significant degree of insulin resistance. We anticipated a significant opportunity for reasonable improvements in molecular indices of mitochondrial metabolism as described by variations in mRNA, IMCL and lipid droplet size. In the scenario of chronic caloric balance following either weight loss intervention (caloric restriction or exercise training), this was not the case. While changes in mRNA may be helpful in the understanding of the molecular regulation of physiological processes, degradation of an exercise-induced alteration in CPT-1 mRNA may have already occurred at the time of data collection in this study.
In the current study, it would have been informative to evaluate post-intervention changes in mRNA immediately after the exercise intervention. Unfortunately, we did not perform a muscle biopsy at this time. As a result, we cannot distinguish acute (altered caloric balance) from chronic (caloric balance) differences in intervention (EWL vs CWL) -induced differences in 
